Abstract. Osteoarthritis (OA) is the most common type of arthritis, observed mainly in the population aged >65 years. However, the mechanism underlying the development and progression of OA has remained largely elusive. The present study aimed to identify differentially expressed mRNAs and lncRNAs in OA. By analyzing the GSE48556 and GSE82107 datasets, a total of 202 up-and 434 downregulated mRNAs were identified in OA. Gene ontology and Kyoto Encyclopedia of Genes and Genomes pathway analysis indicated that differently expressed genes were mainly involved in regulating antigen processing and presentation, interspecies interaction between organisms, immune response, transcription and signal transduction. In addition, a series of long non-coding (lnc)RNAs were differently expressed in OA. To provide novel data on the molecular mechanisms and functional roles of these lncRNAs in OA, a co-expression analysis was performed, which revealed that the dysregulated lncRNAs were associated with transcription, signal transduction, immune response and cell adhesion. In addition, certain key genes in protein-protein interaction networks were identified. The present study provided useful information for exploring potential candidate biomarkers for the diagnosis and prognosis of OA, as well as novel drug targets.
Introduction
Osteoarthritis (OA), the most common type of arthritis, reduces the quality of life of affected individuals and is most common in the population aged >65 years (1) . Although previous studies made efforts to develop therapeutic methods and explore the underlying mechanisms of OA, they remain far from being completely elucidated; however, it has been revealed that inflammation is involved in the development and progression of OA (2) . Protein-protein interaction (PPI) network analysis is a powerful tool to explore the pathological mechanisms of human diseases (3) . Furthermore, microarray analysis has been widely applied to monitor gene expression in OA. Thus, combining PPI and public microarray data will help to identify novel pathways regulating OA progression.
Long non-coding RNAs (lncRNAs) are a major class of ncRNAs with a length of >200 nucleotides (4) . lncRNAs have important roles in regulating a vast variety of biological processes at the transcriptional, post-transcriptional and post-translational level. Recently, several studies have indicated that lncRNAs may act as contributors to OA. Certain lncRNAs, including ubiquitin-fold modifier conjugating enzyme 1 (UFC1) (5), thymosin-β-4 (6), growth arrest-specific 5 (GAS5) (7) act as natural microRNA sponges in human OA. A well-known lncRNA, HOX transcript antisense intergenic RNA (HOTAIR) (8) , was reported to participate in interleukin-1β-induced matrix metalloproteinase overexpression and chondrocyte apoptosis in temporomandibular joint OA. However, the functional roles of most lncRNAs in OA have remained largely elusive.
In the present study, two public datasets were analyzed to identify differentially expressed lncRNAs and mRNAs in OA. Next, gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were performed to explore the potential roles of differentially expressed genes (DEGs). A series of lncRNAs that were differently expressed in OA were identified. To provide novel information on the molecular mechanisms and functional roles of lncRNAs in OA, a co-expression analysis was also performed. The present study provided useful information for exploring potential candidate biomarkers for the diagnosis and prognosis of RA, as well as drug targets.
Materials and methods
Microarray data and data pre-processing. The microarray datasets GSE48556 (9) and GSE82107 (10) were downloaded from the National Centre for Biotechnology Information (NCBI) Gene Expression Omnibus database (http://www. ncbi.nlm.nih.gov/geo/). A total of 139 samples were included in GSE48556. Of these, 106 biopsies were obtained from OA patients and 33 biopsies were obtained from healthy controls. A total of 17 samples (10 from OA patients and 7 from healthy controls) were included in the GSE82107 dataset. mRNAs with fold changes ≥2 and P<0.05 were considered to be significantly differentially expressed.
GO and KEGG pathway analysis. To identify the functions of DEGs in OA, a GO function enrichment analysis was performed. KEGG pathway enrichment analysis was also performed to identify pathways enriched in OA using the Molecule Annotation System (http://bioinfo.capitalbio. com/mas3/). The P-value was calculated by hypergeometric distribution and a pathway with P<0.05 was considered as significant.
LncRNA classification pipeline. LncRNA expression patterns were assessed in the microarray dataset GSE82107. The following criteria were used to identify the unique probe sets for lncRNAs from the Affymetrix array. Refseq IDs labelled as 'NR_' which is indicative of ncRNA in the Refseq database, were retained (11). Finally, 2,448 annotated lncRNA transcripts with corresponding Affymetrix probe IDs were obtained. lncRNAs with fold changes ≥2 and P<0.05 were selected as significantly differentially expressed lncRNAs.
Identification of lncRNA-associated PPI modules. The Search Tool for the Retrieval of Interacting Genes/ Proteins (STRING) online software (https://string-db.org) was used to assess the interactions. The interactions of the proteins encoded by the differentially expressed genes were searched using STRING online software, and the combined score of >0.4 was used as the cut-off criterion. The PPI network was visualized using Cytoscape software (http://www.cytoscape.org).
Co-expression network construction and analysis.
In the present study, the Pearson correlation coefficient of DEG-lncRNA pairs was calculated according to their expression values. The co-expressed DEG-lncRNA pairs with an absolute value of the Pearson correlation coefficient of ≥0.8 were selected and the co-expression network was established by using Cytoscape software. The Cytoscape MCODE plug-in (version 3.4.0) was applied to search for clustered sub-networks of highly connected nodes from the co-expression network. The resulting network was subjected to module analyses with the Plugin MCODE with the following default parameters: Degree cut-off, ≥3; and nodes with edges, ≥3-core).
Statistical analysis. Numerical data are presented as the mean ± standard deviation of at least three determinations. Statistical comparisons between groups of normalized data were performed using the t-test or Mann-Whitney U-test according to the test conditions. P<0.05 was considered to indicate a statistically significant difference with a 95% confidence level. R (version 3.2.4; https://www.r-project.org/) was used to perform all analyses.
Results

Identification of DEGs in OA.
To identify the significantly differentially expressed mRNAs between OA patients vs. healthy controls, two publicly available gene expression datasets, GSE48556 and GSE82107, were analyzed. A total of 2,623 up-and 4,013 downregulated mRNAs were identified in GSE48556 (Fig. 1A) , and from the GSE82107 dataset, 1,545 up-and 3,099 downregulated mRNAs were obtained (Fig. 1B) . Integrated analysis of these two datasets revealed that the two datasets had 202 up-and 434 downregulated mRNAs in common (Fig 1C and D) . The top 10 up-and downregulated mRNAs are listed in Table I .
GO and KEGG analysis of differentially expressed mRNAs.
Next, the differentially expressed mRNAs were subjected to GO and KEGG analyses (Fig. 2) . GO analysis indicated that the upregulated genes were mainly involved in regulating antigen processing and presentation, interspecies interaction between organisms, immune response, transcription, protein transport, vesicle-mediated transport, ubiquitin-dependent protein catabolism, endocytosis, cell adhesion and apoptosis ( Fig. 2A) . Furthermore, the downregulated genes were mainly enriched in categories associated with transcription, signal transduction, oxidation/reduction, cell adhesion, ion transport, cell cycle, protein amino acid phosphorylation, development, modification-dependent protein catabolism and inflammatory response (Fig. 2B) . The above pathways may therefore participate in regulating the progression of OA.
KEGG pathway analysis revealed that upregulated genes were primarily enriched in pathways associated with the p53, gonadotropin-releasing hormone and mitogen-associated protein kinase (MAPK) signaling pathways (Fig. 2C) . Downregulated genes were mainly associated with calcium, insulin, MAPK, ErbB, Wnt, B-cell receptor signaling pathway and vascular endothelial growth factor (VEGF) signaling pathways (Fig. 2D) .
PPI network construction. The PPI networks constructed for the up-and downregulated genes are presented in Fig. 3 . The PPI network for the upregulated genes contained 78 nodes and 158 edges, and the hub nodes with the highest connectivity degree were DEAD box helicase 41 (DDX41; connectivity degree=13) and cell division cycle 41 (CDC42; connectivity degree=6; Fig. 3A) . The PPI network for the downregulated genes contained 219 nodes and 656 edges, and the hub nodes with the highest connectivity degree were cyclic AMP responsive element binding protein 1 (CREB; connectivity degree=28), SH2 domain containing (SRC; Figure 3 . Protein-protein interaction networks of (A) upregulated and (B) downregulated genes in osteoarthritis patients.
connectivity degree=27) and androgen receptor (AR; d connectivity degree=18; Fig. 3B ). Furthermore, a module analysis of the network was performed using the MCODE plugin (degree cut-off, ≥3; the nodes with edges, ≥3-core). In the respective PPI networks, a total of 5 up-regulated proteins, including golgi SNAP receptor complex member 1 (GOSR1), SEC22 homolog C vesicle trafficking protein (SEC22C), vesicle associated membrane protein 7 (VAMP7), syntaxin 16 (STX16) and vesicle associated membrane protein 3 (VAMP3; Fig. 4A ) and 12 down-regulated proteins including, C-C motif chemokine ligand 5 (CCL5), galanin and GMAP prepropeptide (GAL), C-X-C motif chemokine ligand 5 (CXCL5), amyloid beta precursor protein (APP), adenylate cyclase 9 (ADCY9), histamine receptor H4 (HRH4), C-X-C motif chemokine receptor 5 (CXCR5), replication protein A1 (RPA1), RAD50 double strand break repair protein (RAD50), DNA replication helicase/nuclease 2 (DNA2), RAD17 checkpoint clamp loader component (RAD17) and RecQ like helicase 5 (RECQL5; Fig. 4B and C) were identified as key proteins/genes.
Co-expression network analysis of differently expressed lncRNAs in OA.
Furthermore, the differently expressed lncRNAs were identified from the GSE82107 dataset. A total of 25 up-and 326 downregulated lncRNAs were identified in OA. The top 10 up-and down-regulated lncRNAs are presented in Table II . To predict the potential functional roles of these lncRNAs, the Pearson correlation coefficient for lncRNA-DEG pairs was first calculated according to their expression value. The co-expressed DEG-lncRNA pairs with an absolute value of their Pearson correlation coefficient of ≥0.8 were selected. As presented in Fig. 5A , the network included 348 differentially expressed lncRNAs and 2,883 DEGs (Fig. 5A) .
To predict the functions of the differentially expressed lncRNAs, GO and KEGG pathway analysis was performed for each given lncRNA by using the respective set of co-expressed mRNAs. According to the KEGG pathway analysis, the dysregulated lncRNAs were primarily enriched in pathways associated with the MAPK, calcium and insulin pathways, natural killer cell-mediated cytotoxicity, and with the Janus kinase/signal transducer and activator of transcription, adipocytokine, B-cell receptor and ErbB signaling pathways (Fig. 5B) . GO analysis revealed that the dysregulated lncRNAs were associated with transcription, signal transduction, interspecies interaction between organisms, ion transport, immune response, cell adhesion, oxidation/reduction, development, G-protein-coupled receptor protein signaling pathway and protein amino acid phosphorylation (Fig. 5B) .
Identification of key lncRNAs in OA.
In the present study, a total of lncRNAs, including EIF1B antisense R NA 1 (EI F1B-AS1), ELOVL2 antisense R NA 1 (ELOVL2-AS1), long intergenic non-protein coding RNA 276 (LINC00276), LOC101929268, MCM3AP antisense RNA 1 (MCM3AP-AS1) and RAD21 antisense RNA 1 (RAD21-AS1) were identified to be co-expressed with an absolute value of the Pearson correlation coefficient of ≥0.8. These lncRNAs were identified as key lncRNAs in OA. The co-expression network of each key lncRNAs is presented in Fig. 6 .
Discussion
OA has become one of the most frequent chronic diseases, which is considered synonymous with aging (12) . Elucidation of the mechanisms underlying the development and progression of OA is urgently required in order to identify novel biomarkers for the diagnosis and prognosis of OA patients, and for the development of drug targets. In the present study, the GSE48556 and GSE82107 datasets were analyzed to identify differentially expressed mRNAs and lncRNAs in OA patients. A total of 202 up-and 434 downregulated mRNAs were obtained in OA. GO analysis indicated that the upregulated genes were mainly involved in regulating antigen processing and presentation, interspecies interaction between organisms, immune response and transcription, while the downregulated genes were mainly enriched in transcription, signal transduction, oxidation reduction and cell adhesion. KEGG pathway analysis revealed that the upregulated genes were primarily enriched in pathways associated with the p53, GnRH and MAPK signaling pathways, while the downregulated genes were mainly associated with calcium, insulin, MAPK, ErbB, Wnt, B-cell receptor and VEGF signaling pathways. The GO terms and KEGG pathways that the dysregulated genes were enriched in provide an insight in the pathways associated with OA.
PPI network analysis is a useful tool to explore the pathological mechanisms of human diseases. For instance, Chen et al (13) identified DEGs in salivary adenoid cystic carcinoma cells. In the present study, PPI networks for upand downregulated genes in OA were constructed. The PPI network for the upregulated genes contained 78 nodes and 158 edges, and the hub nodes with the highest connectivity degree were DDX41 (degree=13) and CDC42 (degree=6). The PPI network for the downregulated genes contained 219 nodes and 656 edges, and the hub nodes with the highest connectivity degree were CREB1 (degree=28), SRC (degree=27) and AR (degree=18). Of note, it was observed that the PPI for the down-regulated genes included hub genes involved in various hormone-associated pathways, suggesting that hormones are involved in the development and progression of OA. Furthermore, a module analysis of the network was performed using the MCODE plugin. A total of upregulated proteins (GOSR1, SEC22C, VAMP7, STX16 and VAMP3) and 12 downregulated proteins (CCL5, GAL, CXCL5, APP, ADCY9, HRH4, CXCR5, RPA1, RAD50, DNA2, RAD17 and RECQL5) were identified as key genes in the PPI network for the up-and downregulated genes, respectively.
Emerging studies have indicated lncRNAs have regulatory roles in various physiological processes and are deregulated in certain human diseases, including prostate cancer (14) , breast cancer (15), colon cancer (16, 17) and OA (5, 18) . A number of lncRNAs, including ubiquitin-fold modifier conjugating enzyme 1 (5), HOX transcript antisense RNA (8), maternally expressed 3 (non-protein coding) (19) , growth arrest specific 5 (non-protein coding) (7) and imprinted maternally expressed transcript (non-protein coding) (20) , were reported to be significantly associated with the progression of OA. However, the functional roles of most lncRNAs in OA remain largely elusive. In the present study, the lncRNA expression patterns in OA were identified from the GSE82107 dataset. A total of 25 up-and 326 downregulated lncRNAs were identified in OA. A total of 6 lncRNAs (EIF1B-AS1, ELOVL2-AS1, LINC00276, LOC101929268, MCM3AP-AS1 and RAD21-AS1) were identified as key lncRNAs, based on an absolute value of the Pearson correlation coefficient of ≥0.8. Combined with co-expression, GO analysis and KEGG analysis, it was identified that the dysregulated lncRNAs were primarily enriched in pathways associated with the MAPK, calcium and insulin signaling pathways. GO analysis revealed that the dysregulated lncRNAs were associated with transcription, signal transduction, interspecies interaction between organisms, ion transport, immune response, cell adhesion, oxidation reduction, development, G-protein-coupled receptor protein signaling pathway and protein amino acid phosphorylation.
In conclusion, in the present study, two public datasets were analyzed to identify differentially expressed lncRNAs and mRNAs in OA. GO and KEGG pathway analysis indicated that DEGs were mainly involved in regulating antigen processing and presentation, interspecies interaction between organisms, immune response, transcription and signal transduction. A series of differently expressed lncRNAs in OA was also identified. To provide novel information on the molecular mechanisms and functional roles of lncRNAs in OA, a co-expression analysis was performed, which key provided several key lncRNAs in OA. The present study provided useful information to explore potential candidate biomarkers for the diagnosis and prognosis of OA patients, and to identify novel drug targets.
